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Methods and device for controlling the air flow of combustion engines 
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§371 based upon co-pending International Application No. PCT/EP05/02153 filed March 
1 , 2005. Additionally, this U.S. national phase application claims the benefit of priority 
of co-pending International Application No. PCT/EP05/02153 filed March 1, 2005 and 
European Patent Application No. EP 10 2004 010 519.7 filed March 4, 2004. The entire 
disclosures of the prior applications are incorporated herein by reference. The 
international application was published September 15, 2005 under Publication No. WO 
2005/085618 A1. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0002] The invention concerns a method for controlling the air flow of combustion 
engines with direct fuel injection according to the generic term of Claim 1 as well as a 
device for implementing the method according to the generic term of Claim 18. 

Description of Related Art 

[0003] The development level and the available implementations of combustion 
engines with direct fuel injection, in particular according to the generic term of Claim 1, 
are characterized by the fact that the control of the air quantity to be compressed during 
the compression stroke takes place either by lowering the starting pressure during the 
intake stroke (Version I) or by early closing of the inlet valve(s) according to the desired 
load range, also during the intake stroke (Version II). 

[0004] For Version I, the reduction of the starting pressure in the compression 
chamber at the start of each compression stroke is achieved by throttling the air flow 
supplied to the combustion engine upstream of the inlet valve(s). Examples of 
embodiments of such control of the air flow supplied to a combustion engine are throttle 
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valves, slide valves or control slides (see DE 3720097 A1 ; DE 19734227 C2, DE 
69704595 T2, DE 19502669 C2, DE 19928523 A1, DE 19501150 C2 or DE 10058200 
A1). The current load condition of a combustion engine is determined either by 
measuring the air flow supplied to the combustion engine or by determining the 
pressure reduction in the air flow supplied to the combustion engine after the respective 
throttling element. Due to the manner in which this control of the air flow supplied to the 
combustion engine is implemented, throttling losses occur that reduce the effect of the 
pressure reduction required for load control during the intake stroke of each cylinder 
(see Pohls, Axel: Investigation of a method for controlled exhaust-gas recycling in petrol 
engines; VDI Verlag GmbH Dusseldorf; Dissertation 2001; IBSN 3-18-345812-8; p 1 or 
Homburg, Arno: Optical investigation of jet expansion and mixing with direct-injection 
petrol combustion methods; Faculty for Mechanical Engineering and Electronics, 
University of Braunschweig; Dissertation 2002; p 12). These losses lead to a reduction 
of the efficiency, in particular in the partial-load range of the combustion engine (see 
Weirich, Marko; NOx-reduction by using the SCR method on a petrol engine with direct 
injection; University of Kaiserslautern, Department of Mechanical Engineering and 
Process Technology; Dissertation 2001 ; p3). 

[0005] Embodiments of Version II with regard to a throttle-free control of the air 
flow supplied to the combustion engine per work cycle are described in the patent 
documents DE 1 981 0466 C2, DE 1 01 1 1 991 A1 , DE 4341 945 A1 , DE 1 9706750 A1 , DE 
69720356 T2 or DE 3940752 A1 , where the supplied air flow is controlled by varying the 
opening period of the inlet valve(s). 

BRIEF SUMMARY OF THE INVENTION 

[0006] The objective of the invention is to provide a method for controlling the air 
flow of combustion engines with direct injection which, on the one hand, does not cause 
throttling losses, in particular in the partial-load range, where Version I serves as a 
benchmark, and which, on the other hand, differs from the state of the art as described 
for Version II by ensuring the control of the air flow that is supplied to the combustion 
engine with relatively little constructive effort, where the supplied air flow should remain 
approximately constant over all rotation speed and load ranges. This improves the 
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response characteristics during load changes when the combustion engine is operated 
in non-stationary mode, where the control effort for dynamical parameters, such as the 
respective waste gas recycling rate or the fuel quantity to be injected is reduced. The 
desired result is a nearly "steady" load change process with regard to the air quantity to 
be used during a work cycle, which can be better assessed and controlled, which 
reduces the emission of pollutants and increases the driving comfort. It is a further 
objective of the invention to use the almost constant air flow to achieve better 
coordination with a waste-gas turbocharger than is state of the art and to increase the 
efficiency of the combustion engine in this way. It is a further objective of the invention 
to provide a device that implements the method and a combustion engine with improved 
response characteristics during load changes with low control effort. 

[0007] These problems are solved with a method and device for controlling the 
air flow as described in the claims. Advantageous embodiments are described in claims 
that depend on the independent claims. The invention is described in detail in the 
following text. 

[0008] The invention is based on the Seilinger process according to Figure 1 , in 
particular the low-pressure area that is shown in the p-V-diagram in grey during the 
intake stroke (relevant for Version I and II) as well as the pressure increase area 
resulting from the reduction of volume during the compression stroke (relevant for 
presenting the invention). In contrast with the existing control mechanisms for the air 
flow supplied to the combustion engine, the invention does not involve control of the 
cylinder pressure p z by throttling (Version I of the state of the art) or early closing of the 
inlet valve(s) (Version II of the state of the art) during the intake stroke to control the air 
flow per work cycle according to the operating condition between full load and partial 
load based on load conditions. Load conditions in this context are defined by the 
accelerator pedal signal (y), which depends on the accelerator pedal position and on the 
rotation speed signal n, which depends on the rotation speed of the combustion engine. 
The method according to the invention handles the load-dependent control of the air 
flow supplied to the combustion engine per work cycle by opening the gas outlet of each 
cylinder of the combustion engine during the compression stroke, where a constant 
pressure level p Z R is established from the time of opening to the time of closing of the 
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gas outlet in the compression chamber of each cylinder of the combustion engine. They 
area shown in grey in the p-V-diagram in Figure 1 between the cylinder pressures PAmin 
and PAmax falls away, due to the fact that, according to the invention, the cylinder 
pressure PAmax applies for all load ranges (in particular partial load) of the combustion 
engine. Therefore, P Am in = PAmax for all load conditions. As a result of the control of the 
air flow supplied to the combustion engine according to the invention, the proportion of 
the load change work in the low pressure area of the Seilinger process according to 
Figure 1 is reduced. The pressure level of the air flow supplied to the combustion 
engine remains approximately constant at the pressure P Am ax during the intake stroke at 
all load conditions, due to non-throttling as well as the largely constant opening interval 
of the inlet valve(s) of the combustion engine. The same applies to the air flow supplied 
to the combustion engine at each work cycle, as there is no limitation resulting from the 
control of this parameter during the intake stroke according to the invention, in contrast 
with Versions I and II as described. 

[0009] The term "gas outlet in the compression chamber" refers to a device that 
makes it possible to duct gaseous substances, e.g. a combustion air mixture, out of the 
compression chamber of a cylinder, e.g. into an exhaust gas pipe. The gas outlet has 
the means to close the gas outlet opening in a controllable manner. These means are, 
for example, valves that can be operated by an actuator or an adjustment device. 
According to a special embodiment, the gas outlet according to the invention may be 
the exhaust channel of a cylinder that is closed by a variable controllable exhaust valve. 

[0010] According to a further embodiment, the gas outlet according to the 
invention may be a further gas outlet channel in addition to the exhaust channel of the 
cylinder, which can be closed by a controllable valve and can be opened or closed on 
request. The term "gas outlet in the compression chamber" further implies that the gas 
outlet according to the invention leads into the compression chamber. 

[0011] The time to open the gas outlet in the compression chamber of each 
cylinder of the combustion engine Qhugo depends on the closing time of the respective 
inlet valve(s) (ES) as well as the current exhaust gas counter pressure at the exhaust 
valve(s). In principle, the inlet valve(s) must first be closed. The time ES results from the 
control diagram of the respective combustion engine according to the crank angle a H us 
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at ES. Secondly, the pressure level P Z r has to be selected so that it is slightly above the 
exhaust gas counter pressure pAb at the exhaust valve(s) at the time when the gas 
outlets in the compression chamber of the combustion engine are open, where no 
internal exhaust gas recycling is intended in this case. The pressure drop p Z R > PAb, with 

Pzr ~ 1 .02 * P A b Equation 1 

prevents the possible influx of exhaust gas into the compression chamber during the 
compression stroke by controlling the air flow supplied to the combustion engine by 
opening the gas outlet in the compression chamber of each cylinder of the combustion 
engine, which is connected to the exhaust gas pipe of the combustion engine near the 
exhaust valve(s) (Equation 1). 

[0012] If internal gas recycling is intended, the time of opening the gas outlet in 
the compression chamber of the combustion engine has to be selected so that a 
pressure gradient is created at which p Z R < PAb applies. The time for opening the gas 
outlet in the compression chamber of each cylinder of the combustion engine must in 
this context be chosen earlier according to the pressure conditions, i.e. relating to the 
compression stroke closer to the bottom dead centre. The time for opening the gas 
outlet in the compression chamber of each cylinder of the combustion engine is 
determined by the desired degree of exhaust gas recycling rate that is to be 
implemented internally and has to be determined by using index measurements specific 
for the combustion engine by defining the pressure drop (p Z R: PAb) depending on the 
pressure conditions as function of the crank angle Qhugo- 

[0013] The opening period t u and thereby the closing time Qhugs of the gas outlet 
in the compression chamber of each cylinder of the combustion engine depends on the 
respective, desired load range p m soii of the combustion engine, which is characterized 
by the load conditions, equivalent to the position of the throttling element or the opening 
period of the inlet valves for embodiments according to the state of the art (see Version 
I or II) for regulating the air flow supplied to the combustion engine. It should be 
considered for the selection of tu that tu is inversely proportional to p m soii, which implies 
the following relationships for the two load extremes of the combustion engine: 
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Pmsoii.v -» Max...t Li = 0 
Pmsoii.L^ 0...t Li = Max 



Equation 2 
Equation 3 



[0014] Full load (maximum middle pressure p m soii,v Equation 2) as well as partial 
load idling (minimum middle pressure p m soii,L Equation 3). 

[0015] These dependencies described with regard to the opening period t u of the 
gas outlet in the compression chamber of each cylinder of the combustion engine can 
be used in combination with indicator measurements at the respective combustion 
engine to determine the pressure Pzr in the compression chamber of the combustion 
engine as a function of the load conditions and to represent it as a function of the crank 
angle a. The control of the air flow supplied to the combustion engine during this 
indicator measurement is based on the existing control according to Version I or II in 
order to obtain initial data. Based on these indicator measurements, the times for 
closing the gas outlet in the compression chamber of each cylinder of the combustion 
engine tus can be determined for specific load conditions and combustion engines as a 
function of the crank angle a. The closing time tus results from the intersection of Pzr 
with the appropriately indicated cylinder pressure p Z i during the compression stroke. 
This is done by presenting the load-condition-specific, indicated as cylinder pressure P Z i 
in the p-V-diagram according to Figure 1, and by subsequently determining the 
distance of the intersection pzRpzi with the x-axis (stroke volume) in parallel to the Y- 
axis (cylinder pressure). In this way, the load-condition-specific stroke volume V H u can 
be determined, for which p ZR = p Z i applies. From the load-condition-specific stroke 
volume V H u determined in this way, the time tus for closing the gas outlet in the 
compression chamber of each cylinder can be calculated. For this purpose, it is 
necessary first to determine the respective crank angle for opening and closing the gas 
outlet in the compression chamber of each cylinder of the combustion engine. As the 
load-condition-specific opening time Qhugo can be calculated from the control diagram 
of the respective combustion engine according the explanations provided above, the 
calculation of the closing time Ohugs is provided below. The following relationship 
(Equation 4) is used to convert the load-condition-specific stroke volume V HU to degree 
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crank angle (Xhugs for the closing time of the gas outlet in the compression chamber of 
each cylinder of the combustion engine: 

Vhu = V h + V c Equation 4 



4 Equation 5 

from which follows 



H 



K ' D 1 Equation 6 



Equation 7 



[0016] This facilitates the calculation of the load-condition-specific crank angle 
amis for closing the gas outlet in the compression chamber of each cylinder of the 
combustion engine as a function of the load-condition-specific distance of the centre of 
the top end of the connecting rod h H u as follows: 



r 2 + h 

COS ^HLIS 



2 - r - ft™ 



Equation 8 



[0017] It follows that the load-condition-specific stroke volume Vhu can be used 
to calculate exactly the respective crank angle a H us. which is defined as the crank angle 
at the time the gas outlet in the compression chamber of each cylinder of the 
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combustion engine closes. Subsequently, the load-condition-specific opening period t H u 
of the gas outlet in the compression chamber of each cylinder can be calculated. For 
this purpose, the appropriate load-condition-dependent crank angle range a H u in which 
the gas outlet in the compression chamber of each of the cylinders of the combustion 
engine is opened, is calculated first. This is achieved by subtracting the respective load- 
condition-specific crank angles with regard to opening and closing the gas outlet in the 
compression chamber of each cylinder of the combustion engine (Equation 9). 

a m -&ff U Q ~~ a HLi$ Equation 9 

[0018] Based on this intermediate result (Equation 9), the opening period t H u of 
the gas outlet in the compression chamber of each cylinder of the combustion engine 
can be calculated as follows (Equation 10). 

_ a tm 

A " % * n hu Equation 1 0 

[0019] To ensure that sufficient time remains to inject fuel into the combustion 
chamber at the end of the compression stroke, in particular in the lower partial-load- 
range of the combustion engine (see Equation 2), individual cylinders are switched off 
when critical conditions of the crank angle with regard to closing of the gas outlets in the 
compression chamber of each cylinder of the combustion engine Ohus in relation to the 
start of the injection t E Hu occur. The switch-off is load-condition-specific and cylinder- 
specific and is performed by reducing the injected quantity ~tj to zero until, in extreme 
cases, only one cylinder of the combustion engine is fired. As a result, the load range of 
the still fired cylinder(s) of the combustion engine increases, which shifts the time a H us 
for closing the gas outlet in the compression chamber of the fired cylinders of the 
combustion engine in the direction of the top dead centre. The drag torque of the 
cylinders P m s that are not fired may be adjusted by varying the load-condition-specific 
opening periods of the respective gas outlets in the compression chamber of these 
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cylinders of the combustion engine as a function of the particularities of the combustion 
engine. The drag torque may be increased (Equation 11) 



h> ^ Equation 11 



or reduced (Equation 12) 



^ms ^ ■■• f u I Equation 12 



[0020] This facilitates a controlled increase of the load state of the fired 
cylinder(s) of the combustion engine. This control mechanism prevents possible 
escaping of injected fuel resulting from a start of injection t E Hu that is earlier than the 
closing time a H us of the gas outlet in the compression chamber of each cylinder of the 
combustion engine without a significant change of the air flow supplied to the 
combustion engine. 

[0021] In the method according to the invention, the air and fuel quantities that 
are supplied to the combustion engine per cylinder and work cycle can be determined 
jointly, based on the load conditions, which makes it possible to modify numerous 
control processes towards an optimum for a load condition where the value of the 
parameter to be controlled moves in the direction of the load-condition-specific value. 
This provides advantages with regard to near-real-time modifications, for example to 
control idling, pinging, traction control, engine drag moment control, driving speed 
control, rotation speed or driving speed limitation or to achieve soft transitions when 
changing gears in automated or semi-automated gearboxes. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

[0022] The invention is illustrated by examples in the following figures. They 

show: 

[0023] Figure 1 : Schematic representation of the Seilinger process; 
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[0024] Figure 2: Schematic representation of the crank drive of a combustion 
engine; and 

[0025] Figure 3: Schematic block diagram of the controller for illustrating the 
methods according to the invention for controlling the air flow of a combustion engine. 

DETAILED DESCRIPTION OF THE INVENTION 

[0026] During operation of the combustion engine 1 shown in Figure 3 in the form 
of a block diagram, the air and fuel quantities supplied as well as the time of ignition are 
set load-condition-specific and cylinder-specific. In contrast with the implementation 
versions I and II, the controller 3 as well as the controller embodiment with regard to the 
load-condition-dependent adjustment of the air quantity that is supplied per work cycle 
to the cylinders of the combustion engine is implemented according to the invention. 
The air flow supplied to the combustion engine per work cycle and the cylinder is 
therefore controlled by using a gas outlet in the combustion chamber of each cylinder of 
the combustion engine, where the preferred embodiment of this gas outlet in the 
compression chamber of each cylinder of the combustion engine is integrated with the 
exhaust valve and involves controllable exhaust valves 2. Instead of controlling the 
intake air quantity per cylinder at every intake stroke, the control according to the 
invention is achieved by varying the opening period of the gas outlet in the compression 
chamber of each cylinder of the combustion engine during the compression stroke. This 
is controlled by the gas outlet controller 3, which is split into a GO (gas outlet opening) 
controller 3.2 and a GS (gas outlet closing) controller 3 in the embodiment shown 
(Figure 3). The first unit passes cylinder-specific GO signals to an actuator for the gas 
outlet per cylinder, while the second device passes cylinder-specific GS signals to the 
actuator. The time GO is determined cylinder-specific and combustion-engine-specific 
according to the explanations provided above, taking the time for closing the intake 
valve(s) into account. The time GS is determined as a function of the load conditions, 
where the accelerator pedal signal output 4 provides the accelerator pedal signal (y) 
and a combustion engine rotation speed meter, which is not shown in Figure 3, provides 
the rotation speed. For combustion engines of Version I, the signal of the air flow meter 
or of an intake pipe pressure meter is often used. These measuring devices have 
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dynamic errors, which are partially due to the type of sensors (flap air flow meter), the 
measuring principle (real-time character of the load signal evaluation - "updating error") 
or the physical design, i.e. the arrangement of the sensor in the intake pipe ("phase 
errors"). Such measuring devices and signal errors can be omitted according to the 
invention. The fact that, according to the invention, the intake pipe pressure is on 
average constant makes it easier to control the air flow supplied to the combustion 
engine, as the use of switching intake pipes or continuously adjustable intake pipes for 
the dynamic compensation of pressure waves, for example active air valves according 
to DE 19500501.5, can also be omitted. Due to the almost constant air flow for all load 
conditions of the combustion engine, which results from these measures, very accurate 
predictions can be made with regard to the load-condition-specific filling of the cylinders 
with air, taking the respective, set opening period of the gas outlet in the compression 
chamber of each cylinder of the combustion engine into account. The fuel controller 5 
also uses the load conditions for changing the control variables. The load conditions are 
therefore the basis for the control of the fuel as well as of the air quantity supplied per 
cylinder and work cycle. If the lambda control detects differences between the two 
controllers, the control parameters are changed. Changes in the fuel quantity (~tu), the 
air quantity or of both control parameters are possible. This is indicated in Figure 3 by 
the lambda signal (A), which is supplied to both controllers. The control of the lambda 
value with the controller for controlling the gas outlet in the compression chamber of 
each cylinder of the combustion engine 3 has the advantage that a near-real-time 
response to the changes of the lambda value can be implemented. However, the control 
of the lambda value by control of the air flow supplied by work cycle and cylinder of the 
combustion engine is only possible in the partial load range, as these operating 
conditions do not involve maximum filling. The control of the lambda value under full 
load (pmsoii.v) is achieved by manipulating the fuel quantity (~tu) when the gas outlet in 
the combustion chamber of each cylinder of the combustion engine is closed (see 
Equation 2). 

[0027] The output signal of the fuel controller 5 is the key variable for 
representing the current load condition of the combustion engine, as it is usually 
adjusted in many ways (e.g. fuel, combustion engine or intake air temperature). 
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Furthermore, the injected fuel quantity is the determining factor for the torque output of 
the combustion engine and therefore also for the respective advance angle (ZW). For 
this reason, the advance angle controller 6 receives the signal for the start of injection 
(ti) and the quantity to be injected (~t u ) as a load signal and provides an appropriate 
advance angle signal (ZW) for each cylinder and each work cycle of the combustion 
engine. 

[0028] In the embodiment described, the combustion engine has additional 
pinging sensors (not shown in Figure 3). They register the pinging per cylinder. If it is 
detected that pinging combustion takes place in one of the cylinders, the opening period 
of the gas outlet in the compression chamber of the cylinder is appropriately changed to 
stop the pinging. It follows that the previously common, advance-angle adjustment, 
which increased the fuel-consumption, can be omitted as a remedy for pinging. 

[0029] It should be noted that the block diagram in Figure 3 is only intended to 
illustrate the method for throttle-free control of the air flow of combustion engines as 
described above. In practical applications, the procedures described in this context are 
implemented with microprocessors, and not by circuit blocks that would correspond to 
the functional blocks in Figure 3. 
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List of Symbols 



Symbol 


Meaning 


~t u 


Load-condition-dependent fuel quantity injected 


h 


Piston travel 


H 


Stroke of a piston 


n 


Rotation speed signal according to the rotation speed of the combustion 
engine 


P 


Pressure 


PAb 


Pressure of the exhaust gases in the exhaust valve 


PAmax 


Highest pressure level in a cylinder of the combustion engine at the start of 
the compression stroke 


PAmin 


Lowest pressure level in a cylinder of the combustion engine at the start of 
the compression stroke 


PmS 


Cylinder-specific drag torque of unfired cylinders of the combustion engine 


PmSoll 


Desired load range of the combustion engine 


pmSoll.L 


Minimum possible load range of the combustion engine according to 
acceptance protocol 


PmSoll.V 


Maximum possible load range of the combustion engine according to the 
acceptance protocol 


Pz 


Pressure in a cylinder of the combustion engine 


Pzi 


Load-condition-dependent pressure in a cylinder of the combustion engine 
as a function of the crank angle, determined with indicator measurements 


PZR 


Set pressure level in a cylinder of the combustion engine during the 
compression stroke 


tEHLi 


Start of injection as a function of load condition and cylinder 


ti 


Start of injection per cylinder as a function of the load condition 


tu 


Load-condition-dependent opening period of the gas outlet in the 
compression chamber of each cylinder of the combustion engine in ms 
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tus 


Load-condition-specific closing time of the gas outlet in the compression 
chamber of each cylinder of the combustion engine 


V 


Volume 


V c 


Volume of the compression chamber of a cylinder in the combustion 
engine 


V H 


Stroke volume of a cylinder of the combustion engine 


v HLi 


Load-condition-dependent stroke volume of a cylinder of the combustion 
engine 


X 


Distance between the piston bottom and the centre of the top end of the 
connecting rod 


a 


Crank angle 


C(hij 


Load-condition-specific crank angle range at which the gas outlet in the 
compression chamber of each cylinder of the combustion engine is 
opened, in degree crank angle 


ClHLiGO 


Load-condition-specific time for opening the gas outlet in the compression 
chamber of each cylinder of the combustion engine, in degree crank angle 


Qhugs 


Load-condition-specific time for closing the gas outlet in the compression 
chamber of each cylinder of the combustion engine, in degree crank angle 


GHLiO 


Load-condition-specific crank angle at the time EO 


Ghus 


Load-condition-specific crank angle at the time ES 


Y 


Measured accelerator pedal signal corresponding to the position of the 
accelerator pedal 


TAb 


Exhaust gas temperature 


s k 


Signal of a pinging sensor 
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ABSTRACT OF THE DISCLOSURE 



[0030] The invention relates to a method for controlling the air flow quantity 
supplied to an internal combustion engine per operating cycle, without reducing the 
throttle. Said method is characterized in that: an accelerator pedal signal (y) is detected, 
the value thereof depending on the position of the accelerator pedal; a rotational speed 
signal (n) is detected, the value thereof depending on the rotational speed of the internal 
combustion engine; load collectives are formed from (y) and (n); both the load 
collective-dependent opening time (t u ) of a gas outlet in the compression chamber of 
each cylinder of the internal combustion engine during the compression stroke, and the 
load collective-dependent fuel injection quantities (~tu) per operating cycle and cylinder 
are determined; and the advance angles are determined according to the load 
collectives. The inventive method is advantageous in that, compared to previous 
solutions for the throttled or non-throttled control of the air flow quantity supplied to the 
internal combustion engine per operating cycle, only negligible fluctuations occur in the 
respectively introduced air flow quantity over all load regions, whereby even during a 
change of load, operating parameters corresponding to each other in an optimum 
manner reduce the pollution gas output, increase the pleasure of driving by an improved 
response characteristic, and simplify the construction means of the internal combustion 
engine in terms of the control of the supplied air flow quantity. 
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